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RATIO OF SOLID VEIDCITY TO MIXTURE 
VELOCITY IN SLURRY FLOwl 
by 
Richard J. Burian and Glenn Murphy 
ABSTRACT 
The study consisted of two parts, a theoretical analysis of the 
problem and an experimental investigation under controlled conditions. 
The theoretical analysis resulted in an equation which expressed the 
velocity ratio in terms of dimensionless parameters representing the 
distribution of the particles in the mixture, the slip between the 
solid particles and the adjacent fluid, and the velocity distribution 
of the fluid in the conduit. 
In the exoerimental part of the study a dimensional analysis was 
performed on the variables which seemed most likely to influence the 
problem. The dimensionless parameters were then combined into a single 
equation by use of the principles of similitude. In this way the equation 
obtained is entirel;}r general within the range tested. The tests were 
performed on slurries composed of several types of glass, steel and lead 
spheres in water flowing through a glass tube. The conclusi~ns drawn 
include: the velocity ratio (l) increases as the size of the particles 
and the velocity increases, (2) decreases as the density of the particles 
increases, and (3) is independent of temperature and concentration. 
The equation obtained from the theoretical analysis was written in 
the form of the experimental equation and the corresponding terms compared. 
Since the theoretical analysis involved several simplifying assumptions, 
it was thought that one or several of these caused some di,screpancy in 
1 the results. The various assumptions were discussed and the ones most 
likely in error pointed out. 
1 This report is based on a Master's thesis by Richard J. Burian submitted 
March, 1955 to Iowa State College, Ames, Iowa. This work was done under 
contract with the Atomic Energy Commission. 
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I. INTIDDUCTION 
The use of slurries, or fluidized solids as they are sometimes called, 
is becoming popular for certain types of materials handling operations. 
Slurries can be used to advantage for moving bulk materials as grain, coal, 
ash, sand, gravel, cement and powdered chemicals. For thesetypes of 
materials slurries provide a clean, low cost and easy method of transport. 
In its broadest sense, a slurry may be defined as a suspension of solids 
in a fluid. Some fields of engineering limit this definition to include only 
stable suspensions {suspensions in which the particles will not settle out 
such as thick mud, paste, etc.), suspensions using only a specific fluid or 
suspensions containing particles within a certain size range. Other fields 
such as those concerned with wind and sand erosion make use of the definition 
in its broadest sense. 
The engineer designing a slurry system for materials handling must 
consider such factors as power consumption, efficiency and mass rate of 
flow of the solid. However, he must also consider erosion of the conduit 
and the effect on the shape of the particles due to the jostling they 
receive during transport and stopping at their destination. It would 
therefore be advantageous for him to be able to predict the average velocity 
of the particles in the flow of a slurry. Little is yet known, however, 
about the physical laws which govern slurries and in the past the engineer 
has had to rely almost entirely upon trial and error in the design of slurry 
systems. 
The investigation was performed with the intention of adding to the 
knowledge of the physical characteristics of slurries. The specific object 
was to develop an expression for the ratio of the average velocity of the 
solid component to the average velocity of the entire mixture in a slurry. 
The problem was approached from both the analytical and experimental view-
points and the results compared. 
II. REVIEW OF LITERATURE 
A search of the literature revealed that little work was done on 
studying the laws governing slurry flow before about 193.5. All the work 
done before this time and a good share of that done more recently has 
concerned itself with specific cases and as a result little is known 
today about the general behavior of slurries. Some investigators have, 
however, made generalizations from the results of their studies. 
One of the earliest investigators was Nora Blatch (4). She performed 
a series of tests on sand and water flowing in a l-inch, horizontal pipe 
and by means of a glass section in the pipe was able to study the flow. 
Miss Blatch observed two distinct regions of flow, one in which all or 
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most of the sand was dragged along the bottom of the pipe at a low velocity 
and the other in which all of the sand vias s uspended in the fluid and 
flowing rapidly. In between these two regions existed a transition reeion 
where part of the sand was dragged along and part of it was suspended. The 
upper limit of the low velocity region was determined to be from 3.5 to 4 
fps while the lower limit of the high velocity region was determined to be 
from 4 to 10 fps depending upon the coarseness of the sand and the uniformity 
of size. 
Howard (17) observed the same type of flow regions in tests with sand 
and water in a 4-inch, horizontal pipe. However, he noticed that in the 
transition region the layer would move spasmodically. He defined the upper 
limit of the low velocity region to be abolt 6 fps and the lower limit of 
the high velocity region to be about 7.5 fps. 
In this same series of tests, Howard (16, 17) also determined the 
distribution of the solid in the mixture. He used a 7/16-inch diameter 
sampling tube which he could place at any point on the cross section of the 
pipe. From his tests on plain walled pipe he obtained a series of diagrams 
of the cross section of the pipe with contour lines representing the per-
centage of the total solid flowing above the contour. The contour lines 
were approximately parallel to the horizontal diameter of the cross section 
indicating that the di~tribution of the solid vari es only with the vertical 
distance from the center of the pipe and not with the radial distance. 
From his tests Howard concluded that the majority of the solid flows in the 
lower third of the pipe. Tests of this same nature were conducted by 
Gladfelter (13) on pipes containing rifling. The rifling actually consisted 
of helical vanes on the inside of the pipe. From his tests, Gladfelter 
found that the rifling caused a more uniform distribution of the solid. 
Richardson (23) defined three similar regions of flow for open 
channels with the exception that all three regions could exist simultaneously, 
within the channel bed, at the boundary and in the main stream. 
As a result of his studies on pneumatic handling systems, Korn (19) 
defined three modes of particle transport. In the first of these the 
velocity is so low that the particle skips or hops alo~g the bottom of the 
pipe with the length of each jump dependent upon the momentum of the particle. 
As the velocity is increased, the velocity gradient of the fluid becomes so 
steep near the pipe wall that the difference in pres~:ure across the diameter 
of the particle causes it to be drawn toward the center of the pipe and the 
particle strikes the pipe wall only occasionally. In the third mode of 
transport the particles are so fine that the entire mixture acts as a true 
fluid. The first of these modes of transport can be sai d to be sb:ilor to 
the transition region of flow as defined by Blatch and Howard while the 
second mode is similar to the high velocity region. The third mode of 
transport was not considered by Blatch or Howard. 
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The velocity at which the particles settle out faster than they are 
picked up into suspension was defined by Wood and Bailey (28) as the choking 
velocity. They concluded that it is approximately the same for all concen-
trations. Chatley (5) stated that since other experimenters have found the 
components of the velocity of the fluid particles perpendicular to the 
direction of flow at full stream turbulence to be about 15% of the mean 
flow velocity, the particles of solid should be suspended when the mean 
velocity of the fluid reaches a value 6 to 7 times the settling velocity 
for the particles. 
The mechanism of particle transport was studied by White (25). He 
stated that at low velocities the drag on the particles by the fluid is 
almost entirely a function of the viscosity of the fluid while at high 
velocities the drag is primarily due to the pressure drop across the 
"length" of t he particle. 
Dobbins (12) stated that the mechanism causing suspension in turbulent 
flow operates on the law that two masses can not occupy the same space at 
the same time. When an incremental volume of mixture in the stream flows 
upward due to turbulence, an incremental volume of mixture at some other 
point in the stream must move downward. If the concentration of t he solid 
is greater at the lower levels, the incremental volume moving upward goes 
from a region of high concentration to one of low concentration while the 
incremental volume moving downward goes from a region of low concentration 
to one of hir,h concentration. The net effect is an upward transport of 
solid. ~fter a time the net upward transport will be balanced by downward 
transport due to gravity. Dobbins assumed equilibrium to exist and arrived 
at the expression 
where Vl is the settling velocity, ~ is an exchange coefficient between 
the two levels, Yl and Y2 are the distances from the stream bottom to the 
two levels and C1 and C2 are the concentrations at these two levels. Wood 
and Bailey (28) derived an equation for the flow of particles in a gaseous 
medium. The equation was of the form 
where x is the distance traveled (in feet) by the particle from rest, v 
is the velocity of the particle (in fps) after traveling the distance, x, 
vf is the final velocity reached by the particle and Cl, c2, C3 and c4 are 
constants which are determined by the size and shape of the particle and 
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the roughness of the conduit wall. This equation indicates that the 
particle must travel an infinite distance before it attains its maximum 
velocity. This is because a state of equilibrium can not exist since 
the gas is continually expanding as it flows through the conduit and 
the particles continue to be accelerated in the directioP of flow. 
The most thorough analysis of the forces acting on a particle in 
a compressible fluid was per.f'ormed by Pinkus (21). The first part of 
his analysis, taken from DallaValla {10, pp 24-29), was for the motion 
of a particle in a two dimensional field. Newton's Second Law of 
MOtion was applied in the directions of the two axes and an equation 
in differential form was obtained for the velocity of the solid. This 
equation contains a drag coefficient which can be assumed to rg11ow either 
of two different patterns. 
Pinkus first assumed that the coefficient was a constant and 
integrat~d the equation. For this he obtained Vs ~ 1 
v f ,1-~~. I'Fw'i'tj=o=cA=== 
where vs is the ratio of the velocity of the solid to the velocity of 
Vf 
--the fluid, f is the-Fanning friction factor, m is the mass-of' a particle, 
D is the pipe diameter, ~ is the density of the fluid, C is the drag 
coefficient and A is the projected area of the particle. 
4.8 
In the second case, Pinkus as~umed that y!C:= 0.63 ~ where 
d is the diameter of the particle and~ is the viscosity of the fluid 
and v::;: {vrvs)• Upon integration the equation became Vs ~ 5 .. A ~-1 ~ 
• .L ""'"l't2V=-r~Pr-
where 
L23 • 6.o5 ;o. 75vr] - ~r, S= - Ati, L1 ::;: js2 - 4Pr, 
2nr 
T= 2hr.,2, andP= 2f - 0.2 faA • 
D n m 
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Pinkus then performed a series of tests on two siz.es of sand in air. 
The large sand had a mesh range of 28 to 48 while the small sand had a mesh 
range of 60 to 100. For the case where the drag coefficient was a constant 
equal to 0.44 he obtained values of velocity ratio of 0.33 for the small 
sand and 0.20 for the large sand. When he let the drag coefficient equal 
the function of Reynolds Number given above, he obtained values of 0.5 -
0.6 for the small sand and 0.28 - 0.33 for the large sand. He checked these 
values against published values of velocity ratio calculated from experi-
ments b,y Cramp (7) and by Hariu and Molstad (15). Cramp used grain with 
air as the medium flowing in a horizontal pipe. He determined the velocity 
of the solid by allowing the grain to discharge into the atmsophere and 
measuring the distance the grain traveled before striking the ground. Hariu 
and Molstad performed tests on two sizes of sand in two vertical tubes of 
1/4-and 1/2-inch diameter. Their large size of sand was about five times 
as large as that used by Pinkus and the small size was about two and a half 
times as large as that tested by Pinbts. Their method of determining the 
velocity of the solid was developed by Cramp and Priestley (8) and is 
explained below. Cramp obtained values of velocity ratio between 0.4 and 
0.47. Hariu and Molstad arrived at values for the large sand of 0.25 to 
0.28 and for the small sand of 0.66 to 0.74. 
B.y comparing these values with his own results, Pinkus concluded 
that the assumption that the drag coefficient is a function of Reynolds 
Number is more nearly correct. 
Cramp (6) also derived an analytical 
in vertical flow. It was of the form vs 
Vf 
equation for the velocity ratio 
= l--~ rw- where W is the 
vf -y ;( 
weight of one particle and ~is a coefficient determined qy adjusting the 
upward flow of fluid in the tube until the solids are just suspended but 
neither rise nor fall. He compared this equation with values obtained 
experimentally by usinc the method developed by Cramp and Priestley (8). 
In his tests the velocity of the fluid was varied between 10 and 20 fps. 
The analytical and the experimental values differed by about 40% at the 
lower end of the range to about 5% at the upper end. 
The method used by Cramp and Priestley (8) to measure the velocity 
of the solid was to let the slurry flow through a conduit which had two 
shutters in it a known distance apart. When the system had been run long 
enough to enable them to calculate the weight rate of flow, the shutters 
were simultaneously closed, trapping the grain be tween them. The section 
of conduit between the shutters was removed and the weight of trapped solids 
measured. They were then able to calculate the velocity of t he solids from 
the equation v : ML where M is the weight rate of flow of the solid, L is 
s ~ -
the length of the conduit removed and W is the weight of solid trapped. 
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Two other experimenters, Belden and Kassel (3), developed an empirical 
expression for the velocity of the solid in vertical flow in the turbulent 
region. Their equation was of the form 
Vs ::; 1/2 [v - vi .. Gs .. j{~--=-v-1-. - .. - -G-s- )2 --=--4;s vi 
ws ws Ws 
where vi == 1.32 vkd (~~ - ~ wf) ( l ) and where v is the nominal gas 
• uJf 
velocity, Gs is the weight rate of flow of the solid per unit area, 
ws is the specific weight of the solid, vi is the "slip" velocity, 
g is the acceleration of gravity, d is the particle diameter and wf 
is the specific '\-Ieight of the fluid. 
Two 11rule of the thumb" equations were developed by DallaValla (ll) 
for flow in horizontal and vertical conduits using air as the medium. 
For horizontal flow he obtained 'h = 16,200 r t s ;&tl 0.4 while 
for ve-t:Lcal flow he obtained vv = 54,700 [ ~: s1- d •6 where (:..8 is ( .. 1 _, 
s -
the specific gravity of the particles and d is the diameter of the 
particles in feet. These equations are for air having a specific weight 
of 0.075 pcf. 
Jones and Hermges ( 18) measured the velocity of the solid in a 
transparent tube by taking pictures of the flow. By taking double 
exposures, separated by a very short but known time interval, they were 
able to measure the velocity at which the particles were traveling. Tests 
were performed on a mixture of coal in water but the results were not 
published. 
III. MATERIALS AND ~UIPMENT 
A. Materials 
In selecting the solids to use for the tests the following qualifi-
cations were considered: 
1. The solids should be of several different sizes but each size 
should be uniform. 
2. The solids should be of the same shape and have the same type 
of surfaces. 
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3. The solids should be of several specific weights. 
4. The particles of solid should be large enough and dense enough 
to settle out of water in a short time. 
There were readily available five sizes of particles which fulfilled 
the requirements reasonably well. They consisted of two sizes of glass, 
two sizes of steel and one size of lead spheres. Although the larger size 
glass particles were not perfect spheres but rather more on the order of 
ellipsoids, it was assumed that this variation would have a negligible 
effect. 
The glass particles were purchased from the Minnesota Mining and 
Manufacturing Company, the steel particles from Pittsburg Crushed Steel 
Company and the lead from the National Lead Company. 
1. Size determination 
Two methods were used to determine the size of the particles. One 
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was to take measurements of the particles through a microscope with a 
traveling eyepiece. The other was to take magnified pictures of the particles 
and make measurements of the photographs. By the second method the shape of 
the particles could be studied more easily. 
Samples of the particles were obtained by successive quartering of the 
entire amount. The particles were mounted by dispersing them in Canada 
balsam between two glass specimen slides. 
The magnification of the photographs was determined by preparing slides 
of small wires of known size and photographing them at the srune time as 
the particles and with the same camera focusing. The size of the wire used 
was determined by means of measurements taken under a microscope and checked 
with a micrometer. 
The measurements taken on the photographs were made across two perpen-
dicular diameters of each particle. In the case where the particles were 
oblong rather than spherical, the measurements were made across the major 
and minor diameters. The measurements taken under the microscope were made 
only in the direction of motion of the eyepiece re gardless of the orientation 
of the particle. The average size of the particles was determined as the 
arithmetic average of all the measurements. 
As a check against the amount of breakace or deformation of the 
particles during the tests, photographs were also taken at the completion 
of the tests and the results compared to those taken before. It was found 
that even with the glass, there was no significant difference in the size 
or shape of the particles. Figs. 1 through 7 are representative photographs 
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of the pictures taken. Those labeled "as received11 are pictures taken before 
the tests were performed while those labeled 11as run" are pictures taken after 
the tests were completed. In Table l the results of the size determination 
are tabulated. All but one of the photographs in Figs. l through 7 and most 
of the data in Table l originally appeared in Murphy, Young and Burian (20). 
2. Specific weight determination 
The specific weight of each size of particles was determineq Qy the 
method of displaced volume. A representative sample of the particles was 
thoroughly dried and added to a graduated cylinder partly filled with a 
fluid. The change in the volume readinG and in the gross weight of the 
cylinder enabled the calculation of the specific weight of the particles. 
Two fluids were used in these determinations, water and carbon tetrachloride. 
The results are also tabulated in Table 1. 
B. Equipment 
The equipment used in this investigation was used for other studies 
of slurry flow and was modified for these tests. It cousisted of a pump 
and motor unit, a water supply tank, a solids feeding tank, a weighing tank, 
platform scales and a glass test section, pa~t of which could be removed. 
The glass section was about 12 feet long with an inclined return section of 
approximately the same length. The inclined section had a slope of about 
l inch per foot. The removable piece, which was situated on the incline, 
was about 47 l/4 inches long and had an internal diameter of approximately 
0.3 inches. The exact internal diameter of the removable section varied 
from time to time because of the breakage experienced with these sections 
while continuously handling them. The same size tube was used for all the 
tests on any one size of particle, however. The sizes of the removable 
sections are included in Table 2 which is in the chapter, Experimental 
Approach. The tests to determine the solid distribution were conducted in 
a horizontal tube having an internal diameter of 0. 314 inches. A schematic 
diagram of the equipment is shown in Fig. 8. 
Water from an outside source entered the system on the inlet side (A) 
of the centrifugal pump. When the pump was not running, or when it was 
pumping small quantities of fluid, the water would flow upward into the 
water supply tank (B) and overflow through the square weir (C) in the side 
of the tank. This method of introducinr water into the system was employed 
because during the course of the tests the supply tank was also used for 
the temporary storage of particles. When the smaller glass particles were 
being run it was found that the agitation in the supply tank was sufficient 
to keep the "f~~nes " in suspension for a great length of time. These fines 
were "sucked" into the pump and, al though they in no way damaged the per-
formance of the pump, they became lodged in the valves and gave considerable 
trouble in controlling the fluid flow and concentration. By introducing 
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Fig. 1 Glass particles , 0.0114-inch 
diameter, as run. (From Murphy, 
Young and Burian (20) ). 86. 0 X. 
9 
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Fig. 2 Glass particles, 0.0314-inch 
diameter, as r eceived. (From Murphy, 
~oung and Burian (20). 11. 6 X. 
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Fig. 3 Glass particles, 0.0314-inch 
diameter, as run. (From Murphy, 
Young and Burian (20) }. 11. 6 X. 
11 
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Fi r; . 4 Steel Particles, 0.0149-inch 
diameter, as run. (From Hurphy, 
Youn r; and Burian (20) ). 82. 7 X. 
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Fig. S Steel particles, 0.0722-inch 
diame ter, as received. 12. l X. 
13 
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Fig. 6 Steel particles, 0.0722-inch 
di~neter, as run. (From Murphy, 
"':'oung and Burian (20) ). 12. 1 X. 
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Fig. 7 Lead particles, 0.0505-inch 
diameter, as run. (From Murphy, 
Young and Burian (20) ). 12. 4 X. 
Material 
Glass 
Steel 
Lead 
* 
Table l 
Smnm3.ry of particle size and specific weight ieterminations* 
Method of sj ze 
determination 
microscope 
photographs 
microscope 
photofraphs 
microscope 
photorraphs 
microscope 
photographs 
mic:roscooe 
photographs 
Number of 
observations 
35 
80 
--
161 
37 
28 
40 
87 
53 
117 
Maximum 
observed 
inches 
0.0134 
0.0136 
--
0.0474 
0.0199 
0.0175 
0.0812 
0.0929 
0.0523 
0.0598 
Minimum 
observed 
inches 
o.oo6o 
o. 0091 
--
o. 0215 
0.0103 
0.0100 
o.o612 
o.o6Jo 
0.0395 
0.0373 
Average 
inches 
0.0114 
0.0314 
0.0149 
0.0722 
o.osos 
Much of thj~ data appeared ori~inally in Murphy, Young and Burian (20). 
Specific 
weight 
pcf 
177.9 
156.9 
465.0 
471.0 
705.0 
1--' 
0' 
H 
(Jl 
0 
I 
Vl. 
(X) 
~ 
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Fig. 8 Schematic drawing of experimental e(luipment 
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the water in the inlet line of the pump, fresh water only was supplied to 
the pump. If at hi~h rates of flow the outside source could not supply the 
entire amount of water required by the pump, the amount of water that was 
drawn from the supply tank was so small that no trouble was encountered 
with the valves plugging. The water in the system was continuously changed 
by means of the discharge throurh the weir in order to keep the w~ter at a 
nearly constant temperature. Any fines that were washed out the weir were 
collected and periodically added to the system. 
The pump and motor unit (D) consisted of a l-inch Worthington Slurry 
Pump driven by a 5-hp electric motor. Since the pump was a slurry pump no 
difficulty resulted from allowing the fines to pass through it. With this 
unit velocities up to 22 fps were obtained. 
The rate of flow through the glass section was controlled by a bank of 
three valves (E) in parallel. The valves were of different sizes to enable 
coarse and fine adjustments of the flow. A quick-closing valve (F) was used 
to stop the fluid flow sharply. The solids were fed into the glass section 
by the feeding tee (G) from the solids feedinr, tank (H). A sketch of the 
feeding tee used is shown in Fig. 9. The rate of solids feeding was con-
trolled by regulating the pressure in the feeding tank with the valve (1). 
For the tests to determine the velocity ratio of the solid to the 
mixture, the mixture flowed from the feeding tee through the horizontal 
part of the glass section (J) and back through the inclined part. On the 
incline between the bend and the removable section (K) was a "settling" 
section about 60 diameters long. When the mix~ure reached the top of the 
inclined section it was directed by the ~flipperfl (L) into either the supply 
tank or the weir,hing tank (M). 
The weighing tank, resting on platform scales (N), had a glass window 
(0) in the side upon which was a piezometer scale for obtaining the volume 
of mixture in the tank. In the bottom of the weighing tank was a 3/4-inch 
pipe tee into which was constructed a nozzle for "sucking" the particles 
and the fluid from the tank and forcing them to flow back into the supply 
tank. A sketch of the nozzle is shown in Fig. 10. A similar nozzle was 
situated at the bottom of the supply tank for moving the particles up to 
the feeding tank. 
For the tests to determine the solid distribution the inclined section 
of the glass tube was cut out of the system and a separator (P) placed at 
the end of the horizontal section. From the separator the mixture flowed 
either into the two carboys (Q) or into the waste bucket (R). In the bottom 
of the waste bucket a nozzle similar to the one in the bottom of the weigh-
ing tank was placed to move the particles back to the supply tank. 
Mixture 
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Particles 
Fig. 9 Feeding tee 
1 Particles and/or 
fluid 
Fig.IO Nozzle 
19 
Fluid 
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The separator, shown in Figs. 11 and 12, ~onsisted of three components, 
the flow divider, the ttflipper" and the multiple fnnnels. The flow divider 
consisted of a metal plate which attached to the frame supportinf, the glass 
conduit, and a slidinr~ box. The box was divided into two compartments as 
shown in Fir. 12 with the front of the dividing wall filed to a knife edge. 
A micrometer which had the anvil removed by cutting the C-section at about 
the center was attached to the metal plate by the stub end of the C-section. 
The spindle of the micrometer was attached to the top of the sliding box by 
means of a flat brass beadng. Four sprinp:s were attached from the metal 
plate to the back of the sliding box to hold it a~ainst the plate and to 
support its weight. Hith this arrangement it was poss i ble to move the knife 
edrc;e vertically across the end of the r·lass tube and cut the flow at any 
desired distance from the bottom of the tube. 
The flipper was located directly below the divider. It consisted of 
two funnels attached to each other and mounted upon bearings in such a way 
that the flow from the divider could be directed into either side of the 
multiple funnel unit situated below. The multiple funnel component was 
divided into three sections. One section extended across the entire back 
of the unit while the other two comprised the front half. The back funnel 
discharged into a tube leading to the waste bucket while the front sections 
discharged into tubes leading to the carboys. The carboys, each of which 
had a capacity of five gallons, had piezometer scales on the side to measure 
the volume of the mixture collected in them. 
Additional pieces of equipment included a mercury thermometer, a triple 
beam balance, a Toledo scales, a stop watch and a 3/8-inch pneumatic vibrator 
to aid in controlling the solids feeding rate. For a time, an Erector Set 
motor with a bad set of bearings was used as a vibrator before the pneumatic 
one was obtained. \<!he rever possible, flexible tubin g was used in preference 
to pipe or metallic tubing. For areas where the pressure did not exceed 
35 psip;, t ygon tubing was used. Although it would stand hip,her pressures at 
temperatures in the nei r hborhood of 20° C, it would swell to the burstinr; 
point when tests at 50° C were being conducted. Therefore, in the parts of 
the system using flexible tubing and where the pressure exceeded 35 psig, 
cloth reinforced rubber tubing was used. Pictures of the equipment are 
shown in Figs. 13 and 14. 
IV. EXPERIME~!TAL PROCEDTTRE 
Each test was run according to a def i nite procedure in order t o make 
the most efficient use of the time available and t o insure that none of the 
data was 07erlooked and not recorded. Since two different types of tests 
were run, those to obtain data for the rat i o of the velocity of the solid 
to the velocity of the mixture and those to obtain data for the solid 
distribution, a different procedure was followed for each. 
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Fig . 13 Principal pieces of equipment. 
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Fig. 14 Equipment used in 
solids distribution tests. 
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A. Velocity Ratio Tests 
The steps used for collectinr the data for the solid to mixture velocity 
ratio are given in the following outline in sequence. 
1. The tap water was turned on and adjusted to the desired temperature. 
2. The solids were forced by the nozzle at the bottom of the supply 
tank from the supply tank up to the solids feedinr. tank and the 
tank bled of any air. It was thought necessary to bleed the feed-
ing tank to provide a const~nt head of water above the particles 
and thus avoid a possible source of trouble. It was noticed on 
occasion that when an excessive amount of air was present the 
rate of feeding of the solids became difficult to control. 
3. After the weighing tank was checked to be sure that it was empty 
and the scales upon which it rested were balanced, the motor 
driving the pump was started. 
4. Fluid alone was allowed to flow through the test section and dis-
charge back into the supply tan,k. The gage pressure immediately 
upstream of the feeding tee was increased to the necessary value 
to obtain approximately the desired velocity. 
5. The clamp on the tygon feeding tube was released and the pressure 
in the feedin~ tank was increased until the feeding rate of the 
solids was such that the desired concentration was obtained. At 
low velocities it was possible to check the concentration before 
running the tests by collecting the slurry in a 500-ml graduated 
cylinder and measuring the net weight and volume from which the 
specific weight could be calculated. The value of concentration 
could then be read from a ?raph of concentration versus specific 
weight. At high velocities it became impractical to use this 
method because of the rapidity with which the cylinder was filled. 
However, if the tests for any one concentration were ~n starting 
with low velocities and proceedlng by increments to the higher 
velocities, when it became impractical to check the concentration 
each time, it was possible to see the trend in the concentration 
change and to make the valve adjustments accordingly. In this way 
the desired concentration could usually be obtained within 1 to 2%. 
6~ When equilibrium had been reached the test was begun by directing 
the flow into the weighing tank and starting the stop watch 
simultaneously. 
7. When the beam of the weirhinp tank scales passed the balance point 
for a predetermined wei p.ht the flow was again directed back into 
the supply tank and the stop watch stopped. 
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8. After checking to be sure that the system was still in a state 
of equilibrium, the quick-closing valve and the tygon feeding 
tube were sharply closed and the pump motor turned off. 
9. The weighing tank scales and the piezometer readings, the time 
and the temperature were recorded. 
10. The fluid was allowed to drain slowly out of the inclined 
section and the removable tPst section removed in such a 
manner that none of the particles lying on the bottom of the 
tube was lost. One end was stopped with a cork and water 
taken from the supply tank was poured in the other. The 
water was taken from the supply tank to obtain, as nearly as 
possible, water of the same temperature as that with which 
the test was run. The other end of the tube was then stoppered, 
the tube weighed on a triple beam balance and the length between 
the corks measured. 
11. After all of the data vrere recorded, the rrixture in the weighing 
tank was pumped to the supply tank. When the quantity of part-
icles collected in the supply tank became so great that it was 
thought an insufficient amount was left in the feeding tank 
to allow another run, the p-artictes were again moved up to the 
feeding tank. 
Tests were run over a range of velocities for three different 
concentration ranges and at three different temperatures. The limits 
for each concentration range were considered as ! 2.5%. The nominal 
concentrations were generally 10, 20, and 30%. H9wever, for the tests 
on lead, 40% was substituted for the 10% since because of the density of 
the lead, a small number of particles was left in the test section when 
the system was stopped. This resulted in a large percentage error for 
a small error in the weight of the tube and mixture. The temperatures 
at which the tests were run were approximately 17, 35 and 50°C although 
for the smaller size of glass particles, a series of tests were also run 
at about 8°C. The temperatures were controlled by proper adjustment of 
the hot and cold water taps except the latter which was obtained by 
adding ice to the supply tank and turning off the water taps entirely. 
The temperatures tended to be greater at low velocities than at high 
velocities. It is believed that this was due to the increased 
"churning" in the pump at the low rates of flow. 
Some difficulty was had with the control of the feeding rate of the 
solids for the larger steel parti cles. This was overcome by increasing 
the size of the feeding tee and attaching a vibrator to the tee. At 
first the only thing available for a vibrator was a small Erector Set 
motor with a worn set of bearings. This provided ample vibration to allow 
good feeding control. Later a pneumatic vibrator was purchased to 
replace the motor. 
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B. Solid Distribution Tests 
The procedure used to conduct the tests for determining the solid 
distribution was quite similar to that just given. Steps 1. through 6. 
were identical with the exceptions that in step J. the separator micrometer 
was adjusted to the desired reading and the tare weight of the carboys was 
taken instead of balancing the weighing tank scales, in step 4. the slurry 
was directed into the waste bucket before the test was ber,un rather than 
back into the supply tank, and in step 6. when equilibrium was reached the 
flow was directed into the carboys. From this point the procedure differed 
somewhat. 
7. When either of the carboys became full the flow was directed back 
into the waste bucket and the stop watch stopped. 
8. The feeding tube was clamped off and the pump motor stopped. 
9. The piezometer readin gs of the two carboys, the r ross weight of 
each of the carboys, the time and the temperature were recorded. 
10. The carboys were emptied into the waste bucket and the particles 
transported back to the supply tank. 
Tests were conducted at three velocities of approximately 7.5, 15.0 
and 21.1 fps and at combinations of five concentrations of approximately 
10, 15, 20, 2S , and 30% on the smaller size of p,lass particles. At each 
concentration £or each velocity nine runs were made with the separator 
micrometer set at a different position each time. In this way nine points 
were obtai ned for the curve of percentage of the solid above h versus B-
where h is the distance from the bottom of the tube to the knife edge and D 
is the diameter of the tube. For each group of nine runs the velocity and 
the concentration were held as nearly constant as possible. All tests were 
run at tap water temperature which varied between 12.7 and l5.8°C. 
For both types of tests sufficient calculations were made after each run 
to be sure that no gross error was made in any of the readings. The data 
for the tests are tabulated in the Appendix. 
V. THEORETICAL APPROACH 
In order to obtain an analytical expression for the ratio of the 
velocity of the solid to the velocity of the mixture in the flow of a 
slurry, several assumptions were made. It was first assumed that the 
mixture flows at a constant veloci~ and that the distribution of the solid 
particles in the tube does not change with respect to length or time. It 
was further assumed that the distribution of the particles is only a 
function of the vertical distance and not of the distance from the center of 
the tube. This last assumption is based on results of experiments performed 
by Howard (16, 17). Owing to the difficulty of determining the velocity 
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distribution of the fluid analytically an equation was assumed. '!he 
equation for the velocity of the fluid was taken as 
vr = vo (R - r)n (1) 
R 
where v is the velocity of the fluid at a distance r from the center of 
r 
the tube, v is the velocity at the center of the tube, R is the radius of 
the tube an8 n is an unknown which is constant for any given velocity of the 
mixture. It was also assumed that the presence of the particles does not 
affect the shape of the velocity curve. 
The slip was defined as 
v - v S- r p 
vr 
where vp is the velocity of the particle at r. 
vp := vr (1 - S). 
(2) 
Then 
(2a) 
It was assumed that at any given mixture velocity the slip is a constant. 
The average velocity of the total solids passing through the tube is 
where N. is the number of particles passing through an incremental area 
per unit time and the summation is over the cross section of the tube. 
This can be rewritten as 
where 
(3) 
(3a) 
(4) 
or 
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V t (4a) 
p 
where d~ is a differential volume rate of flow of mixture, ei is the 
volume concentration of particles in the mixture passing through the 
differental area (defined as the volume of the particles per volume of 
mixture per unit area), V is the volume of a single particle, L is an 
arbitrary length, t is th~ time and da is the differential area. From 
Fig. 15 it is seen that da = r dr dg. (5) 
If equations (1), (2a), (4a) and (5) are substituted in equation (Ja) 
there results 
ei r dr de 
(6) 
This equation could not be integrated, however, until an expression 
for ei was obtained. Rather than to assume an equation it was decided to 
run a series of tests and from them to arrive at a logical form for the 
equation. The method in which these tests were performed was explained in 
the chapter, Experimental Procedure. 
In these tests the slurry flow was divided into two parts by a hori-
zontal knife edge placed alternately at different heights in the stream. 
The percentage of the solid flowing above the knife edge was then calculated 
and plotted versus~ as shown in Figs. 16, 17, and 18 where h is the vertical 
distance from the bottom of the tube to the knife edge and D is the diameter 
of the tube. This method assumes that the solid distribution is only a 
function of the vertical dimension as indicated by Howard (16, 17). 
Figs. 16, 17 and 18 were plotted from tests conducted at three mean 
mixture velocities and for combinations of five different weight concen-
tractions. These figures were then used to determine the relative solid 
distribution curves shown in Fig. 19. These were obtained by dividing the 
~ean curves drawn in Figs. 16, 17 and 18 into ten equal increments in the 
_ direction, detenn:lming the percentage of the solid flowinv, through the 
D 
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Fig. 15 Crou section of conduit showing differential area of 
flow. 
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area of the tube cut off in this increment, and dividinG this by the 
fractional area through which it flows. The values obtained were assumed 
to be the values existing at the center of each increment and were plotted 
av,ainst !, where y is the vertical distance to the center of the increment 
from theRhorizontal center line of the tube cross section and R is the radius 
of the tube. The relation between~ and! can be seen in Figs. 16, 17, and 
18 where the two are shown as ordinRtes onRapposite sides of the graph. 
It was assumed that the curves in Fir, . 19 could be approximated by a 
polynominal equation of the third degree. The equations so obtained for the 
different velocities are 
7.5 fps:S" ~1.46 r~l.l9 (~)- 0.752(~) 2 -l.36(ft)J_J, 
15.0 fps: b' = 1.66 [1+0.053 (~) - l.03(ft) 2 +0.057C'j)j ' 
21.1 fps: S = 1.44 ~-0.070 (~- 0.477 (~) 2 +0.165(i)~. 
(7) 
(8) 
(9) 
Since the relative solid concentration, 5 , represents the incremental 
volume concentration at any point in the tube, the equation can be thought 
of as exoressi.ng the distr ibut ion of the solid in the tube. Then in equations 
(7), (8) and (9), e. would replace~ , the concentration per unit area at 
the center of the tUbe, e , would replace the multiplier on the right side 
of each equation, but the0 constants inside the brackets would remain the 
same for each equation since they determine only the shape of the curve. 
IImvever, for the purpose of using this form of equation for the concentration 
distribution term in the derivation of the equation for the velocity of the 
solid, the constants inside the brackets were replaced by a, b and c to 
make the equation general. In the general case, the concentration at any 
point in the cross section of the tube is 
ei = •0 ~.aCftl + b(~) 2+ c(~)3~ • (10) 
From Fig. 15 it is seen, however, that 
y = r cos e • (ll) 
If eq11ations (10) and (11) are substituted in equation (6) the expression 
for the velocity of the solid becomes 
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+c{~cose~ r dr de 
gives This equation when integrated 
= 8(1-S)v0 vs 
cn+l) l (n+2) 3b ~ + -( --) -(--)-(--)-(·-n+-4) • ( 13 ) n+l n+2 n+3 
The term, v , can be eliminated by replacing it with an expression 
involving the me~n velocity of the fluid. If the assumed equation for the 
velocity distribution is integrated over the entire cross section of the 
tube one is able to obtain an equation relating the mean veloci~ of the 
fluid to the veloci~ at the center of the tube. Then 
. (Avr da 
v ::::) 0 . 
f loA da 
where vf is the mean velocity of the fluid. Substituting equations (1) 
and (5) in equation (14) and integrating gives 
1 
(n+l) (n+2) • 
Dividing equation (13) by equation (15) gives 
vs = 4(1-S) 
Vf 4+b 
(i l -----=-3b_l. L (n+3) (n+4) :J 
(14) 
(15) 
(16) 
The ratio of the mean velocity of the fluid to the mean veloci~ of 
the mixture (derived in the Appendi~ is given by 
Vf = f S - em 
vm fs- emt (17) 
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where fs is the density of the particles, em is the density of the total 
quantity of mixture transported and {mt is the density of the mixture in 
a given length of tube. The difference between the two mixture densities 
is discussed in the Appendix. 
Multiplying equation (16) by equation (17~ gives 
4(1-S) 
4+b 
ri + 3b /. L- (n+3) (n+4'.J (18) 
This is an expression for the ratio of the veloci~ of the solid to the 
veloci~ of the mixture in terms of three unknowns; n, which controls the 
fluid velocity distribution; b, which controls the solid distribution; and 
S, which is the slip between the fluid and the particles. 
VI. EXPERIMENTAL APPROACH 
The experimental approach was begun qy first performing a dimensional 
analysis. The following list of variables was considered as possibly 
having an influence upon the ratio of the velocity of the solid to the 
velocity of the mixture: 
symbol dimensions 
g 
~ 
ML-3 
ML-lT-1 
MT-2 
L 
L 
ML-3 
ML-3 
LT-2 
mean velocity of the solid 
mean veloci~ of the mixture 
density of the fluid 
viscosity of the fluid 
surface tension 
Diameter of the tube 
diameter of a particle 
density of the particles 
density of the mixture in the weighing tank 
acceleration of ~;ravity 
particle surface characteristic parameter. 
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By the Buckingham Pi Theorem these quantities can be grouped into 
eight dimensionless terms. One possible relationship between these can 
be written as 
1[ f nv2 2 f m2 v 2 {jDV f's, c( j (19) vs = .2!!....t. f m. f m. i._, (f Dg /-1 ' ' D 7f vm cr-
The term fm represents a concentration term and can be replaced by 
-n 
the term, es, which is defined as the weight of solid per weight of 
mixture collected in the weighing tank. The relationship between es 
and f' m is derived in the Appendix. It was assumed that" 0(. was the 
-n 
same for all particles and therefore was a controlled variable. 
Equation (19) can be rewritten as 
vs = ¢, es, Vm, rr ? Cf m , ~, [ 2 o_nvm . u Dv 2 
vm Dg _,t' f ' D 
(20) 
The procedure used in determining the form of the function of equatlon 
fre) was to hold ali-the terms on the rieht side of the equation constant 
except o"ne which was varied over a des i red ranee. The effect of this 
variable upon the ratio of the velocity of t he solid to the velocity of 
the mixture was then measured. 
Because the removable section of the glass conduit was on an incline, 
it was necessary to assume that the velocity ratio as measured on the 
incline was the same as for a horizontal tube. Actually t his would not 
be strictly so, but observation of the flow in both the horizontal and 
the inclined sections of the glass conduit indicated no detactable difference 
in the flow except in a few instances at the lowest velocities. 
The equation used to calculate the velocity ratio was 
(21) 
where rJmt is the density of the mixture in the removable elass tube, 
the derivation of this equation is given i n the Appendi x . 
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From2the tests ~onducted it was possible to plot a separate curve 
of vs vm versus Vm for each of the five types of particles . These 
vm Dg Dg ..V ~Dv 
curves, shown in Figs. 20 through 24, indicate that es, ' 1 · m and 
/I 
~2 / 
fr-·m do not affect the value of the velocity ratio beyond the limits 
~ £ 
of experimental error. By introducing the paraneters, d and ( s, the 
15 ""71 
five curves were combined and the equation of the resultant curve 
written as 
where 
This 
B _ P o.oL. 
- (-(_S) • 
r f 
can be rewritten in the form l 
0.12 d'Cl60 f s [13 d o. 71( fl s -1.28 vi B-1.00- vm2 -1.00 / (-J (_) (_) _) (-) (-) 1 
D ( f D ,/ f Dg Dg -
v 2 m 
which shows more clearly the effect o~Dg on the ratio of the velocity 
of the solid to the velocity of the ffilxture. 
(23) 
(22a) 
In Table 2 the values of the dimensionless parameters and the range 
of the tests for each group of particles are tabulated. The experimental 
data collected fron the tests are tabulated in the Appendix. 
VII. DISCUS~ION 
The major portion of this investigation was directed along experimental 
lines, and equation (22) is the result of these efforts. This equation 
indicates that, within the limi~s tested, the ratio of the velocity of 
the solid to the velocity of the mixture is a function only of the geometry 
of the particles and the conduit, the densities of the particles and the 
fluid, and the velocity of the mixture. The fact that the concentration 
and temperature do not influence the velocity ratio is obvious by the 
absence of terms involving concentration or temperature dependent 
properties of the fluid. 
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Table 2 
Particles tested and range of the tests of velocity ratio 
Particle Particle Trbe d ~..:- s 
diameter dianeter I5 Rao~;e of te:::lts r" f e vm2 ·Temperature inches irches \ dS oc /0 Dg 
Glass 0.0114 0.306 0.0373 2.85 8.0 - 58.2 2.00 - '319. 7.5 - 52.7 H (/) 
0 
0.0314 0.283 2.52 4.9 - 32.3 5.89 - 641. I Glass 0.111 13.8 - 52.8 \Jl. co 
0'-
Steel 0.0149 0.306 0.0487 7 .so 7.4- 34.7 2.24 - 376. 14.0 - 51.8 
Steel 0.0722 0.295 0.245 7.50 2.9 - 38.4 3. 73 - 591. 13.6 - 52.3 
Lead 0.0505 0.324 0.156 11.3 9.1 - 46.4 4.59 - 440. 13.0 - 51.0 
G 
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FVrther consideration of equation (22) reveals that, other things 
being equal, the velocity ratio increases as the diameter r<'ltio increases 
and as the density ratio decreases. From equation (22a) it is seen that 
for a given size of particles, when the Froude :'Jmnber (vm2) becomes l.<1r:,e 
the velocity ratio increases ap~-:roximately directly as e~( B-1.00). This 
indicates that on logarithmic co-ordinates the curve becomes a straight 
line in this region with a slope of 2(B-l.OO). Therefore, the slope of 
the curve will increase with increasing values of the density ratio. 
The curves plotted in Fig. 25 verify these statements. 
The curves in Fig . 25 are plotted from equation (22) for the five 
types o+' particles tested. It is seen that for particles of the same 
density (the two sizes of glass particles or the two sizes of steel 
particles) the curve for the larger size particles is above the curve 
for the smaller size. For the situations where the diar.etcr ratios are 
approximately the same (the smaller size of ~:;lass and the smaller size 
of steel particles or the larger size of ~:;lass and the lead particles) 
the curve for the less dense particles is above the curve for the more 
dense ones. Also, for values of Froude Number exceeding 100, the curves 
for all particles are approximately straight lines •.fi th the curve for 
the lead particles having the createst slope and the curves for the 
-glass particles the least slope. It is also seen in Fig. 25 that the 
velocity ratio for all curves becomes greater than l. 00 as the Froude 
Number increases. This indicates that the average velocity of the 
solid becomes greater than the average velocity of the mixture in this 
region. 
The analytically derived expression for the velocity ratio given 
by equation (18) does not agree with the experimental equation, 
however. The presence of the term for the density of the mixture 
indicates that the ratio of the velocity of the solid to the velocity 
of the mixture is not entirely independent of concentration. The rest 
of equation (18) states that the velocity ratio is dependent only on 
the distribution of the particles but not necessarily on the total 
number flowing (the 11b 11 term), the velocity distribution of the fluid 
(the "n" term), and the slip between the fluid and the particles (the 
nsn term). Since the tests conducted to determine the distribution of 
the particles were at a constant temperature, it is possible that b is 
a function of temperature. This possibility was not investi E;ated, 
however, because the equation obtained for the solid distribution 
(equation (10)) was considered sufficient for the use intended. 
If equo.tion (18) is expanded it becones identical in form to equation 
(22). It is therefore possible to compare the tvw equations by ef}uatinc 
comparable terms in each. If this is done, it is seen t hat tvro different 
sets of equations can be obtained, depending upon Hhich terms on the 
right sides of equations (18) and (22) ar e equated. The four possible equations 
are 
ro' 
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If the values of b obtained from equations (7), (8) and (9) are 
substituted into the above equations with the proper values of velocity 
(24) 
(25) 
(26) 
(27) 
for the particles tested, it is possible to solve the equations for S and n. 
The values obtained for different concentrations are tabulated in Tables 3 
and 4. The term, n, is double valued because the solution of a quadratic 
was necessary. 
Since the slip, s, is the ratio of the difference between the veloci~ 
of the fluid stream and the particle to the velocity of the fluid stream, 
the values of S obtained from the equation (24) are quite reasonable and 
possible. However, the values of S obtained from eq1.1ation (26) are 
physically impossible. A value of S greater than 1.000 indicates that the 
absolute velocity of the particle is opposite in direction to the absolute 
velocity of the fluid. All values of n obtained from either equation (25) 
or (27) are very improbable. In Fig. 26 it is seen that the commonly 
accepted shape of the velocity distribution curve for fluid flowing in a 
circular conduit occurs . only when o<n<l. However, none of the values of 
n given in Tables 3 and 4 satisfy this condition. 
This indicates that an incorrect assumption was made in the analysis. 
Some of the possible errors inclnde an erroneous assumption that t,he solid 
distribution is a function only of the vertical dimension; a wrong assumption 
in saying that S is a constant at any given point in the tube for any given 
velocity of the mixture; and ' the use of the wrong equation for the velocity 
distribution in the tube. This last could be based on the assumption that 
the presence of the particles does not affect the velocity distribution at 
the velocities tested, or it may be that the equation itself is wrong even 
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Equation : Vr = Vo ( R·i/ r 
~-------- ~ --------~·~' I 
....,..__ ___________ Vo --------.!• 
Fig. 26 Characteristic fluid velocity curves for different values of n 
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Table 3 
Values of S and n calculated from equations (24) and (25) 
s n 
vm b 
fps 
Concentrationz e~ % 
10 15 20 25 30 all 
7.5 -0.752 0.218 0.220 0.221 0.222 0.225 4. 20, -11.2 
15.0 -1.03 0.238 0.238 0.237 0.236 0.236 15.1, -22.1 
21.1 -0.4 77 0.068 o.o67 o.o66 o.o65 o.o64 14.5, -21.5 
Table 4 
Values of S and n calculated from equations (26) and (27) 
v b s n 
m 
fps Concentration 2 es % I 10 15 20 25 30 all 
7.5 -0.752 1.030 1.030 1.030 1.030 1.030 -2. 92, -4.08 
15.0 -1.03 1.007 1.007 1.007 1.007 1.007 -2.97, -4.03 
21.1 -0.477 1.004 1.004 1.004 1.004 1.004 -2.99, -4.01 
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for a pure fluid. It would seem that the assumption that S is a constant 
and the neglect of the effect of the particles on the velocity distribution 
are the most probable significant contributions to the error. 
The equation used to describe the velocity distribution curve within 
the tube was not the preferred equation. An equation derived by Rhodes (22) 
and one derived by Prandtl and rederived by Bakhmeteff (1, pp 37-80) appear 
more reasonable but these equations were unusable because they broke down 
at the limiting conditions of vr = 0 at the tube wall and dvr _ 0 at the 
center of the tube. dr -
Considering th~ empirical equation alone, it is seen 
possible to derive the equation without giving any regard 
losses that accompany the flow of a slurry in a conduit. 
of the concentration of this equation is confirmed by the 
tests of the solid distribution. 
that it was 
to the pressure 
The independence 
results of the 
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VIII. CONCLUSIONS 
The following conclusions were drawn from the results of this 
investigation: 
1. 1rJithin the limits tested and withi n experimental error, the 
experimental equation for the ratio of the velocity of the solid 
to the velocity of the mixture is independent of concentration or 
of the temperature. 
2. The velocity ratio as determined from the experimental equation is 
a function of the Froude Number of the mixture, the geometrical 
properties of the particles and the conduit, and the densities of 
the particles and the fluid. 
3. All other significant variables being constant, the velocity ratio 
as determined from the experimental equation increases with an 
increase in the diameter of the particles, with a decrease in the 
density of the particles, or with an increase in the velocit,v of 
the mixture. 
4. At a given temperature, the distribution of the solid in a flowing 
slur~ is independent of the concentration of the solid and is a 
function only of the velocity of the mixture for particles of any 
given size and density. 
5. Some of the conditions assumed in the analysis of the model were 
incorrect. 
IX. SUGGESTED TOPICS FOR FURTHER INVESTIGATION 
The investigation has indicated several topics which might warrant 
further investigation. It appears practical to investigate some of these 
more fully. 
A study should be made to determine the ratio of the velocity of the 
solid to the velocity of the mixture in slurries composed of smaller particles 
than those used in this investigation. These particles should be considerably 
larger than colloidal size, for · the first investigation at least, although 
different phenomena may occur with the smaller particles which would make a 
study of the colloidal range feasible. The studies should also be extended 
to lower mixture velocities - to the point of "choking" and, if possible, 
below. 
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Althou~h this study was made without consideration of the pressure 
losses occurring in slurry flow, it is of interest .to obtain the relation 
between the velocity ratio and the pressure loss . It is possible that an 
expression can be developed which would enable the engineer to establish 
the velocity ratio in a conduit by means of the pressure loss alone without 
consideration of the geometrical properties and density of the particles. 
This would be of interest when slurries are used in wh i ch the particles are 
not of uniform size or density, or in spot-checks in the field when the 
composition of the slurry is not known. Two articles Qy Wilson (26, 27), 
which may prove valuable in an investigation of this sort, consider the 
energy requirements f or suspending particles. 
Further investi~ation of the solid distribution would also prove of 
great value, particlarly when considering erosion on the conduit walls. 
X. SUGGESTED CHANGES IN THE EQUIPMENT 
During the course of the experimental investigation, several deficiencies 
in the equipment were noted. 'Ihe entire experimental results of this study 
were based on the assumption that the ratio of the velocity of the solid to 
the velocity of the mixture is the sa.rne i n the inclined section as in the 
horizontal section of the conduit. Although t he case f or inclined conduits 
is of interest also, nevertheless the investigation performed was primarily 
for a horizontal tube. It is believed that the slight incline had a 
negli~ible effect at high velocities and, at best, a small effect at the 
low velocities, but t o be entirely sure of the results a check should be 
made on a horizontal conduit. 
It was mentioned in the chapter, Mat erials and Equipment, that consider-
able breakap,e was experienced with the removable section despite the care 
taken in handling it. A search was made for other ways of determining the 
density of fluids and mixtures within a conduit without removing a section 
of the conduit itself. Four patents were found which might be adapted to the 
problem. The one by Barnhart (2) appears particularly favorable. Two 
o thers by Hare (14) and Smith (24) have possibilites with some modification. 
One by Cummins (9) does not appear favorable because of the geometry of th~ 
equipment and the assumptions that must be employed. There are undoubtedly 
many more methods which were not found in the brief search. 
It is thought that perhaps the idea presented by Jones and Hermges (18) 
of taking pictures of the flow might also be used as check ar,ainst another 
method of determining the velocity ratio. This would have the added 
advantage of allowing the study of the solid distribution by a means other 
than the one employed in this investir ation. However, the cost of the 
equipment involved may make this method unfeasible. 
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XI. ST.n*'IARY 
Equations for the ratio of the velocity of the solid to the velocity of 
the mixture in the flow of a slur~J were developed by both analytical and 
experimental means and the two equations compared. The empirical equation, 
indicated that the velocity ratio is independent of concentration and the 
effect of temperatnre. Tests conducted to determine the distribution of 
the solid within the conduit verified the independence of the equation with 
concentration. 
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XIII. APPENDIX 
A. Derivations otf Equations Used 
1. Determination of concentration 
Concentration was defined as the ratio of the wei r.ht of the solid in 
a p.:iven volume of mixture to the wei[ht of that volume of mixture. 
Although it is recognized that the concentration in a given lenr th of tube 
is different from the concentration of the mixture as collected in the 
weighing tank (this is explained in part A-2. of this chapter), t he latter 
values were used in the calculations and discuss ion of this investir'ation 
because of their greater engineering significa~ce from the standpoint of 
solids transportation. The derivation performed below is exactly as it 
was done in Murphy, Young and Th1rian (20). 
The concentration may be expressed in terms of the densities of the 
solid, fluid and mixture by utilizing the following basic relations 
vm = v s + vf ' 
wm = v!s + wf , 
P sg= Ws/Vs ' 
(?fg~ Wf/v f , 
E2mg= Wm/Vm 
(28) 
(28a) 
(28b) 
(28c) 
( 28d) 
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where v' w, e and g are the volume, weight, density and the acceleration 
of gravity, respectively, and the subscripts m, s and f are for the mixture, 
solid and fluid, respectively. 
By definition, the concentration is 
(29) 
(30) 
The reciprocal of equation (30) gives 
1 = 1 + Pr (v f) , (31) 
es ~s V s 
, 
(32) 
• (32a) 
By replacing the volumes in equation (32a) by equations (28b) and (28d) 
the form 
is obtained. 
1 
es 
=1 
Then from the definition of concentration, equation (29), equation 
(33) becomes 
1 
es 
"'1+ fs 
-fm 
(33) 
(34) 
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from which is obtained 
L) 
l m (35) 
,:/ 
l s - 1 
f f 
2. Determination of velocity ratios 
It is realized that the mean velocity of the solid in the conduit is 
not necessarily the same as the mean velocity of the mixture. This is 
because of the "slip" between the particle and the fluid as they now through 
the conduit. The reality of this phenomenon can be seen if the extreme case 
is considered where the velocity of the mixture is so low that the particles 
are just slidinc along the bottom of the conduit and the fluid flows above 
them. In this case the mean velocity of the solid may be less than one-
tenth the mean velocity of the fluid. The average velocity of the mixture 
will fall somewhere between the two, in all probability nearer the velocity 
of the fluid. 
Further consideration of this situation shows that the density of the 
mixture as measured in the weighing tank is not the same as that in a given 
length of tube. This is because in a given time a greater weight of fluid 
flows into the weiEhing tank per unit weight of solid which flows into the 
tank than is present in a given lenGth of tube per unit weight of solid 
in the tube. It is because of this difference in t,he densitites of the 
mixture that the ratio of the average velocity of the solid to average 
velocity of the mixture can be calculated. 
Assume in a length of tube, L, a mass rate of flow, M , of the solid. 
s Because of the steady state condition, all the solid that passes through the 
length, L, must be collected in the weighing tank. The mass rate of flow 
may be expressed as 
M = NVp fs gv = Q fm ges s 1 s m , 
NVP 
f s gv At v f: ge 1 s= m m s 
(36) 
(J6a) 
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where N is the number of particles in the length, L, V is the volume of 
a single particle, ~ is the volume rate of flow of th~ mixture and At is 
the cross sectional area of the tube. The number of particles in the length, 
L, is 
where emt is the density of the mixture in the tube and, est is the 
concentration in the tube. Substitution of equation (37) in equation 
(36a) gives 
vs = em 9 s 
• 
vm emt est 
(37) 
(38) 
When equation (35) is substituted in the numerator and denominator of 
equation (38) with the proper change in the subscripts for the denominator, 
the equation becomes 
(39) 
B,y following the same type of procedure just outlined, it is possible 
to obtain an expression for the ratio of the velocity of the fluid to the 
velocity of the mixture in slur~ flow. Assume in a length of tube a mass 
rate of flow, Mf' of the fluid. Then by the same reasoning as applied 
before, the mass rate of flow of the fluid may be expressed as 
Mf :::!1-\n- Ms =~ fm g (l-e~) , (40) 
[ fmt ~ vmt - 'r;_r r. g] vf ~ Q,. f'm g (1-es) (41) 
where ~ is the mass rate of flow of the mixture and Vmt is the volume of 
mixture in the length, L, of the tube. '\nJhen equation (37) is substituted in 
equation (41) and the terms regrouped, the equation becomes 
Vf = E' m (l-es) 
vm e mt (l-est) • (42) 
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When equation (35) is substituted in the numerator and denominator of equation 
(42) with the proper chanr,e in the subscripts for the denominator, the equation 
becomes 
(43) 
The above derivations essentially follow the steps used in the initial 
derivations by Donald F. Young of the Theoretical and Applied Mechanics 
Department of Iowa State College. After the above equations had been 
derived a search of the literature uncovered the equation given by Cramp 
and Priestley (8). It is possible to replace the terms in their equation, 
however, by the terms used in these derivations and arrive at equation (39) 
showine that the two equations are identical. 
B. Experimental Data 
l. Velocity ratio tests 
Temp. 
oc 
7.9 
10.5 
10.8 
8.8 
7.5 
13.0 
18.2 
20. 0 
18.5 
17.5 
16.5 
Table 5 
Tabulated data for velocity ratio tests on 0.0114-inch 
diameter glass particles 
Cone. Mix. vel. vm vs 
% fps Dg vm 
10.5 14.4 254. 1.050 
17.7 3.93 18.8 0.9236 
20.4 7.32 65.3 1.006 
22.2 7.70 72.3 0.9577 
18.4 15. 5 292. o. 9721 
25.4 1.28 2.00 0.4037 
10.9 3.00 11.0 0.7382 
10.4 3.85 18.1 0.8455 
11.9 4 .• 60 25.9 0.8789 
8.2 5.30 33.4 o. 7714 
10.0 6. 90 58.1 0.8542 
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Table 5 (Continued) 
Temp. Cone. Mix. vel. vm2 vs 
oc % fps "15g vm 
16.0 10.9 8.80 94.3 0.8686 
16.3 9.8 10.8 143. 0.8400 
15.2 10.9 12.7 197. 0.8621 
15.0 10.7 16.2 319. 0.9484 
23.0 15 .. 5 1.88 4.32 0.4058 
17.5 15.0 6.65 53.8 1.003 
15.8 12.6 11.0 149. 0.8900 
15.5 12.6 14 • .5 257. 1.017 
20.0 19.1 3.38 13.9 o. 7742 
19.6 19.4 4.11 20.7 0.8904 
18.8 17.8 4.49 24.6 o. 9172 
18.0 20.2 5.31 34.3 0.9222 
17.0 22.0 6.39 49.8 0.9516 
15.8 19.7 7.85 75.1 0.9923 
14.6 19.6 9 • .51 no. 0.9781 
14.3 18.8 11.3 157. 0. 9578 
14.1 21.1 12.8 199. 1.080 
13.7 19.6 14.1 243. 1.077 
13.8 20.0 15.3 286. 1.054 
22.5 23.0 2.01 4. 92 0.4947 
18.2 24.6 3.86 18.2 0.7762 
16.8 27 .o .5.84 41.6 1.002 
17.0 26.6 6.24 47.5 1.069 
14.2 27.4 10.3 130. 1.084 
15.0 26.1 14.1 243. 1.097 
19.8 30.5 3.29 13.2 0.6691 18.3 28.n 3.32 13.4 0.7981 
17.5 28.2 4.47 24.4 0.9066 17.0 31.3 4.94 29.9 o. 9981 16.2 30.8 6.00 43.9 0.9936 16.0 27.5 7.63 71.0 1.070 14.7 31.9 8.64 90 .9 1.070 14.0 29.9 10.8 143. 1.069 14.8 32.2 13.8 232. 1.238 
62 
Temp. 
oc 
18.5 
18.0 
16.5 
16.8 
39.8 
38.0 
37.0 
jg:~ 
36.0 
35.2 
35.2 
35.o 
38.3 
37 .o 
37.5 
37 .o 
39.5 
38.0 
37.2 
36.2 
35.8 
35.3 
35.3 
34.8 
35.o 
35.o 
37.8 
37.7 
37.1 
36.0 
36.1 
35.8 
36.0 
Cone. 
% 
36.0 
37.0 
32.9 
35.7 
12.3 
11.8 
8.9 
11.2 
10.0 
11.7 
11.0 
1G.5 
11.3 
15.5 
15.1 
13.0 
12.6 
18.1 
20.2 
18.1 
18.0 
22.4 
19.6 
20.0 
21.5 
18.9 
20.3 
26.2 
25.4 
28.4 
29.6 
30.3 
32.2 
31.9 
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Table 5 (Continued) 
Mix. vel. 
fps 
3.46 
3.53 
5.75 
5. 91 
3. 28 
4.54 
5.79 
7. (0 
9.34 
10.6 
12.3 
14.1 
15.6 
2.84 
4.24 
5.61 
6.10 
2.38 
3.25 
3. 91 
5.78 
7.20 
8. 82 
10.1 
11.8 
13.5 
15.0 
3.88 
5~01 
4.29 
6.29 
7.79 
9.14 
11.5 
14.6 
1.5.2 
40.3 
42.6 
13.1 
25.l 
40.9 
72.3 
106. 
136. 
185. 
241. 
_)8. 
9.84 
21.9 
38.4 
45.4 
6. 91 
12.9 
18.6 
40.7 
63.2 
94.9 
124. 
169. 
223. 
274. 
18.4 
30.6 
22 .4 
48.2 
74.0 
102. 
162. 
0.7601 
0.9685 
1.018 
1.044 
0.7787 
0.8079 
o.8658 
0.9564 
0.9289 
0.9325 
0.9627 
o. 9851 
1.161 
o. 5723 
0.9086 
0.8648 
1.016 
0.5666 
0.7375 
0.8783 
0. 9580 
1.044 
1.062 
0.9968 
1.016 
L075 
1.178 
0.8414 
0.9344 
0.8736 
1.052 
1.055 
1.074 
1.085 
Temp. 
oc 
3S.2 
37.2 
37.2 
S2.7 
S1.2 
so.8 
so.o 
')0.3 
so.o 
S2.0 
Sl.4 
S0.9 
so. 2 
48.1 
49.8 
49.7 
48.0 
49.8 
49.3 
47.0 
Sl.S 
S2.3 
so.1 
49.8 
so.9 
so.8 
49.3 
Con 'c. 
% 
29.6 
32.S 
33.3 
8.0 
9.S 
9.8 
9.6 
10.7 
10."8 
l7 .1 
22.4 
20.1 
22.0 
19.8 
18.0 
19.7 
19.0 
17.8 
2S.4 
26.6 
2S.8 
31.3 
30.1 
31.4 
27.8 
30.4 
S8 •. 2 
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Table S (Continued) 
Mix. vel. 
fps 
14.3 
4.61 
S.21 
3.02 
s.oo 
6.24 
7.9S 
9.S6 
13.4 
2.38 
2.41 
4.40 
S.74 
7.S8 
9.29 
lO.S 
12.4 
14.2 
S.61 
6.09 
9.07 
2.11 
4~00 
S.l9 
7.4S 
8.90 
6.61 
249. 
2~.9 
33sl 
11.1 
30.S 
47.S 
77.1 
111. 
217. 
6.91 
7.09 
23.6 
40.2 
70.1 
lOS. 
l3S. 
187. 
246. 
38.4 
45.2 
100. 
s.43 
19.5 
32.8 
67.7 
96.6 
S3.2 
v 
s 
v 
m 
1.282 
0.9381 
0.9133 
0.6171 
0.7781 
o.86oS 
o.8SS8 
o. 8922 
o. 9293 
o.Sol8 
o.S700 
0.8210 
0.9838 
1.026 
o. 97S7 
1.041 
1.031 
0.9943 
0.94S3 
0.9S86 
0.998S 
0.6347 
0.7876 
o. 9188 
0.9890 
1.044 
1.072 
63 
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Table 6 
Tabulated data for velocity ratio tests on 0.0314-inch 
diameter glass particles 
2 
vs Temp. Cone. Mix. vel. vm 
oc % ng -fps vm 
21.9 9.8 2.43 7.78 0.8804 
20.3 9.3 3.13 12.9 0.9059 
18.0 10.8 4.46 26.3 1.000 
16.5 9.8 5.90 46.0 1.191 
16.2 11.4 7.06 66.1 1. 218 
15.6 10.8 8.49 95.4 1. 271 
15.0 10.0 10.3 139. 1.137 
15.0 11.4 12.5 206. 1.338 
14.5 10.8 14.5 279. 1.233 
14.2 10.8 16.9 379. 1.343 
14.0 10.1 20.4 550. 1.592 
22.8 14.9 2.11 5.89 0.7515 
19.8 20.8 3.29 14.3 1.098 
19.8 21.1 4.40 25.6 1.130 
.L8.8 21.5 5.12 34.6 l. 232 
17.0 20.0 6.69 59.2 1.276 
16.2 19.2 8.48 94.9 1.216 
15.2 19.6 10.3 139. 1.018 
15.0 19.2 12.2 196. 1.252 
14.5 19.9 14.2 266. 1.172 
14.0 20.,0 16.6 363. 1. 295 
13.8 19~5 20.0 526. 1.318 
19.8 31.1 3.18 13.4 1.062 
18.2 31.2 3.83 19.4 1.212 
17.2 32.3 5.76 44.0 1.188 
15.9 27 .. 8 7.97 84. 1.161 
15.2 28.5 10.2 137. 1.209 
14.7 28.7 11.8 184. 1.230 
14.5 28.3 15.0 299. 1. 265 
13.8 28.7 18.7 465. 1.328 
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Table 6 (Continued) 
Temp. Cone. Mix. vel. v 2 m vs 
oc % fps Dg vm 
38.2 9.6 4.38 25.4 0.9341 
38.0 9.0 5.69 42.7 1.025 
37.0 9.8 7.13 67.3 1.450 
35.8 10.7 8.70 100. 1.032 
35.o 9.8 10.9 156. 1.000 
35.2 9.5 13.5 240. 1.062 
35.o 10.5 15.6 323. 1.022 
35.2 10.0 18.0 431. 1.127 
35.2 10.8 21.4 6o6. o. 9697 
39.1 20.8 2.90 11.1 1.000 
39.2 20.2 3.87 19.8 0.9890 
38.0 20.2 S.47 39.7 1.065 
37.7 19.1 7.01 65.2 1.057 
36.8 19.1 8.88 104. 1.113 
36.5 17.9 11.0 160. 1.083 
34.1 21.2 13.1 227. 1. 243 
34.4 20.7 15.1 304. 1.157 
34.8 21.0 17.6 412. 1.272 
34.8 20.2 21.1 590. 1.241 
35.5 27.2 6.74 60.1 1.072 
36.0 29.1 3.64 17.5 1.015 
36.o 30.5 4 .. 98 32.8 1.169 
35.2 28.2 6.46 55.1 1.144 
35.0 27.9 9.60 122. 1.199 
34.6 27.9 11.7 181. 1.131 
34.2 28.1 14.0 258. 1.078 
34.0 29.7 16.8 372. 1.359 
34.0 29.7 19.7 513. 1.393 
47.8 7.2 4.10 22.2 o. 9240 
48.8 4.9 4.34 25.0 0.8182 
51.7 11.0 4.30 24.5 0.9811 
52.8 11.0 5.87 45.5 o. 9811 
49.2 10.1 7.84 81.3 l. 240 
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Table 6 (Continued) 
Temp. Cone. Hix. vel. v vs m 
- -oc % fps Dg vm 
50.3 9.0 9.66 124. 1.023 
48.5 10.7 11.4 171. 0.9808 
49.8 10.0 14.0 260. 1.115 
.5o. 2 11.2 16.2 346. 1.372 
50.3 7.6 18.6 455. o. 9277 
50.0 9.9 22.0 641. 1.418 
52.5 19.7 3.75 18.8 1.017 
51.0 21.7 5.28 37.0 1.020 
51.0 20.2 7.33 71.7 1.045 
51.0 20.8 9.34 115. 1.223 
49.0 20.0 11.2 166. 1.064 
51.0 19.8 13.5 242. 1.040 
49.0 22.4 15.8 331. 1.196 
49.0 21.6 15.0 430. 1.212 
49.7 22.2 20.0 527. 1.314 
53.0 28.8 3.04 13.4 0.8994 
52.2 31.3 4.80 30.5 1.037 
51.3 29.7 7.10 66.6 1.075 
50.2 28.2 8.85 103. 1.153 
50.8 29.5 10.9 157. 1.096 
50.7 29.8 12.9 221.. 1.107 
so.~ 30.3 15.1 302. 1.740 
50.3 29.7 17.4 4oo. 1.464 
50.0 28.7 18.8 466. 1.627 
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Table 7 
Tabulated data for velocity ratio tests on 0.0149-inch 
diameter steel particles 
2 
Temp. Cone. Mix. vel. vm vs 
oc % fps Dg Vm 
20.3 11.4 2.86 9.94 o. 2608 
20.0 11.8 3.14 12.0 0.415~ 
20.0 9. 5 3.17 12.3 o.L9~2 
20.0 10.5 3.24 12.8 0.4988 
19.6 10.6 3.26 13.0 0.5173 
20.0 10.5 3.29 13.2 o. 5821 
20.0 10.5 3.46 14.6 0.6361 
21.0 11.0 3.57 15.6 0.6291 
19.0 10.2 3.81 17.7 0.6421 
18.3 11.5 4.03 19.8 0.6878 
18.8 12.1 4.05 20.0 o.6J54 
17.8 8.5 4.56 25.4 0.4816 
17.2 11.8 5.31 34.4 0.8286 
16.8 8.6 6.30 48.4 1.299 
16.2 1n.5 7.46 67.9 1.130 
16.0 11.4 8.33 84.6 1.160 
16.2 10.3 9.13 102. 1.005 
15.8 11.7 9.90 120. 1.085 
15.8 10. 2 n.B 170. 1.088 
15.0 9.1 12.6 195. 1.018 
14.8 9.0 12.9 204. 1.137 
14.5 7.4 14.3 251. 0.9474 
14.5 10.2 15.0 274. 1.128 
14.2 11.0 15.9 308. 1.177 
14.0 12.3 l..S.9 348. 1.118 
26.0 17.2 1.36 2.?.4 0.1084 
19.5 16.7 3.39 14.0 0.3873 
20.0 13.6 3.58 15.6 0.6488 
16.2 14.8 8.70 92.4 1.088 
16.0 13.6 8.85 95.5 1.120 
15.2 12.8 11.0 148. 1.037 
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Table 7 (Continued) 
Cone. Mix. vel. 
v 2 
vs Temp. m 
oc % fps Dg v m 
l5.o 12.8 11.8 170. 1.076 
18.8 18.8 2.96 10.7 0.2754 
19.2 20.8 3.33 13.6 o. 3913 
20.0 19.5 3493 18.8 0.7214 
l7 .5 21.1 4.50 24.6 0.7017 
18.0 20.6 5.08 31.4 0.7326 
17 .C) 19.6 5~25 33.6 o. 7672 
l7 .2 18.6 5.81 41.2 0.7941 
16.5 20.3 6.54 52.1 0.8658 
l7 .o 18.5 7.66 71.6 0.9336 
15.8 20.5 8.84 95.1 0.99o6 
15.2 19.7 10.2 126. 1.025 
15.0 20.1 11.4 158. 1.051 
15.1 22.0 13.3 216. 1.104 
14.5 21.5 14.1 243. 1.030 
15.2 22.3 16.1 315. 1.070 
18.2 23.9 3.19 12.4 0.3317 
15.2 23.2 15.6 298. 1.102 
14.5 22.6 17.2 361. 1.056 
14.5 22.5 17.6 376. 1.061 
17.7 29.4 4.06 20.1 o. 5542 
17.8 30.4 4.75 27.5 0.6500 
16.5 30.3 5.88 42.2 0.7859 
16.3 29.5 7.75 73.2 0. 9048 
15.8 28.0 9.93 120. 0.9640 
15.7 29.8 11.6 165. 1.047 
l5.o 31.0 13.3 216. 1.032 
14.5 31.9 14.6 260. 1. 016 
15.2 28.9 16.1 316. 1.067 
20.0 32.5 2.26 6.23 0.2582 
17.5 33.9 4.45 24.1 0.9196 
16.5 34.0 6.79 56 .2 0.8742 
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Table 7 (Continued) 
2 
Temp. Cone. Mix. vel vm Vs 
oc % fps ng v m 
17.0 68.7 4.47 24.2 0. 8938 
36.8 10.5 6.60 53.2 0.7217 
35.3 10.1 8.36 85.4 0.8301 
34.8 10.1 11.8 171. 1.014 
36.5 19.7 2.74 9.16 0.1906 
35.6 20.2 6.05 44.6 0.8410 
34.5 21.3 10.1 124. 0.9040 
34.7 21.5 13.2 212. 0.9606 
37.0 25.7 5.60 38.2 o. 7119 
36.2 31.2 3.34 13.6 0.4095 
35.o 29.8 5.45 36.2 0.6785 
34.2 28.3 9.26 105. 0.9300 
34.2 30.6 11.8 170. 1.018 
37.6 34.3 2.36 6.8 0.3373 
37.8 34.7 2.98 10.8 0.3634 
34.0 33.1 4.86 28.8 n.6774 
50.1 14.2 5. 75 40.2 0.7987 
51.8 14.8 9.16 102. 0. 9403 
51.8 18.0 6.o5 44.6 0.7485 
51.0 26.4 3.98 19.3 0.5112 
51.0 29.0 5.55 36.9 0. 7273 
49.0 30.5 6.65 53.9 o. 7447 
49.L 28.3 8.58 89.8 0.9494 
48.4 33.6 12.4 187. 0. 9974 
49.4 35.1 12.4 187. 1.010 
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Table 8 
Tabulated data f~r veloGity ratio tests on 0.072~-inch 
diameter steel particles 
Temp. Cone. liix. vel. v 2 m Vs 
oc % fps Dg v m 
16.0 7.0 10.4 133. 1.537 
13.9 6.9 1).6 298. 1.569 
13.8 4.6 15.6 298. 1.019 
13.8 4.1 15.9 310. 1.960 
15.8 12.1 6.19 46.9 0.8389 
15.7 9.7 7.79 74.3 1.163 
15.0 8.0 9.06 100. 1.173 
14.3 9.7 12.0 175. 1.374 
14.0 8.0 13.7 231. 1.567 
15.2 11.9 15.2 281. 1.195 
13.6 11.1 17.6 378. 1.595 
17.8 14.5 5.06 31.4 0.8161 
1.5.0 21.4 4.72 27.3 o. 9327 
18.7 18.1 6.59 53.2 1.163 
15.3 21.8 8.52 89.0 1.442 
15.2 18.2 10.1 124. 1.118 
15.2 19.8 10.4 133. 1.091 
16.2 18.0 11.7 169. 1.289 
14.7 21.5 13.1 211. 1.317 
16.0 21.5 14.1 244. 1. 260 
16.0 21.2 15.5 29). 1.357 
16.8 20.7 17.1 359. 1.763 
20.2 23.~ J.l7 12.3 0.6987 
20.2 24.7 3.17 12.3 o. 7981 
19.2 25;5 4.39 23.7 0.9757 
17.0 25.7 7.77 73.8 1.233 
15.0 24.9 9.69 115. 0.9584 
16.0 23.3 10.1 124. 1.104 
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Table 8 (Continued) 
Temp. Cone. Mix. vel. v 2 vs m 
oc % fps. Dg vm 
20.8 31.3 3.31 13.4 0.7378 
21.0 29.5 1-39 14.1 0.7531 
19.0 30.1 5.16 32.5 1.o6o 
15.8 29.3 7.8L 75.4 1.010 
15.0 28.3 9.52 111. 1.044 
15.3 28.8 11.1 141. 1.147 
17.0 30.2 12.8 199. 1.238 
17.2 29.3 14.3 250. 1.684 
15.7 28.2 17.2 363. 1.653 
21.5 37.2 2.06 5.17 0.5356 
20.2 32.6 2.31 6.52 0.6411 
20.9 35.6 2.93 10.5 0.6069 
20.2 35.4 3.00 11.0 1.101 
22.2 36.0 4.25 22.0 0.7906 
16.3 33.2 6.67 54.5 1.052 
40.8 2.9 1.75 3.73 0.8364 
38.6 6.0 3.04 11.3 0.7000 
38 .. 5 6.0 3.79 17.6 0.8764 
38.3 9.7 3.28 13.2 0.9313 
37.3 8.0 5.14 32.3 0.9009 
36.5 8.6 7.93 83.2 1.185 
36.8 11.0 10.4 143. 1.418 
35.8 11.7 12.4 204. 1.480 
35.2 9.7 15.3 309. 1.430 
35.7 12.4 16.1 316. 1.622 
34.6 7.6 21.2 591. 2.425 
38.0 12.8 3.70 16.2 1.331 
38.0 13.3 3.80 17.1 1.218 
35.5 17.3 5.91 46.2 1.425 
35.7 16.7 7.44 67.7 0.9009 
35.8 14.7 12.2 197. 0.9100 
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Table 8 (Continued) 
Temp. Cone. Mix. vel. v. 2 Vs m 
Dg -oc % fps vm 
35.9 17.3 1).9 308. 1.282 
35.0 16.1 19.8 519. 1.682 
37.5 18.6 2.42 7.15 0.7615 
36.0 21.1 4.19 23.2 1.234 
35.7 19.8 5.20 35.1 1.3o6 
36.8 21.? 5.44 37.5 0.9403 
36.8 21.6 5.81 41.3 0.8869 
36.3 20.9 7.44 67.8 1.109 
36.1 19.5 9.62 119. 1.134 
37.2 18.2 9.97 122. 0.9380 
36.0 19.5 11.5 162. 1.020 
35.5 20.1 13.7 203. 1.308 
35.0 19.0 17.7 381. 1. '598 
37.2 23.5 4.50 24.9 0.8583 
37.2 24.2 4.71 27.2 0.9522 
35.7 23.2 4.81 30.6 1.202 
35.3 27.5 5.07 31.5 0.9900 
35.2 24.7 13.5 224. 1.244 
34.0 26.5 14.6 260. 1.327 
35 •. '5 22.7 15.1 277. 1. 285 
35.6 22.9 15.3 288. 1.348 
37.0 32.1 3.22 12.7 0.9344 
36.3 30.2 4.05 20.0 0.8157 
35.0 30.9 ).07 31.5 0.9185 
35.0 28.2 5.82 41.6 0.8662 
35.0 27.9 6.46 55.2 1.344 
37.7 29.5 7.37 66.6 1.009 
37.1 31.0 10.1 126. 1.074 
36.8 27.8 12.4 188. 1.142 
34.2 28.2 14.7 265. 1.315 
34.6 28.1 17.5 374. 1.455 
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Table 8 (Continued) 
2 
Temp. Cone. Mix. vel. v vs m 
oc % fps Dg vm 
38.0 33.3 2.61 8.3 0.6437 
35.7 32.6 3.90 18.6 0.8726 
38.8 38.4 6.41 50.3 1.050 
52.0 7.1 3.78 18.8 1.058 
52.0 S.4 3.17 13.3 1.147 
50.0 11.9 3.67 17.7 1.092 
52.0 10.0 3.74 18.4 1.394 
50.1 12.5 4.93 32.2 1.053 
50.4 10.3 6.01 47.9 1.134 
50.0 10.2 7.21 68.8 1.018 
50.0 11.1 8.30 91.2 1.075 
48.0 n.o 10.6 150. 1.S41 
49.3 9.6 12.8 217. 1.481 
48.8 10.0 15.3 308. 1.085 
48.5 10.1 17.6 407. 0.7860 
51.0 14.2 2.55 8.59 0.7798 
50.2 13.2 3.74 18.5 0.9587 
50.3 17.4 4.46 26.4 1.146 
49.7 14.6 4.49 26.6 1.198 
52.3 15.3 4.86 31.1 1.249 
52.0 13.5 5.66 42.4 1. 711 
47.7 13.8 5.75 43.7 1 .. 047 
51.0 17.3 6.?0 59.5 1.196 
50.8 16.4 13.2 229. 1.520 
49.0 18.7 2.30 6.85 1.312 
52.0 22.3 3.73 18.4 1.o66 
51.8 18.8 5.28 37.() 1.547 
h9.3 19.8 6.64 57.3 1.o61 
49.2 17.7 6.58 58.4 1.023 
50.1 19.3 8.81 103. 1.110 
48.5 21.9 11.0 158. 1.239 
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Table 8 (Continued) 
Temp. Cone. Mix. vel. v 2 vs m 
oc % Dg -fps vm 
50.7 20.0 13.0 223. 1.088 
50.5 18.2 15.2 3o6. 1.401 
50.2 25.3 3.36 14.9 1. 273 
50.8 22.9 3.89 20.1 1.096 
50.8 22.9 4.83 30.9 1.379 
51.0 23.5 6.20 50.8 1.202 
50.5 23.8 6.23 51.4 1.135 
50.2 23.2 6.32 53.0 1.056 
48.7 27.3 17.1 385. 1.377 
48.9 27.3 17.2 390. 0.9603 
50.0 24.1 17.3 398. 1.535 
49.2 23.5 17-h 403. 1.403 
49.5 28.8 2.66 .9.33 0.7344 
49.4 27.6 3.68 18.0 1.886 
49.8 '31. 8 5.75 43.7 0.9866 
48.7 30.8 6.94 63.7 1.186 
48.9 31.2 9.65 123. 1. 289 
49.5 28.3 12.3 200. 1.030 
44.2 29.3 14.3 271. 1.118 
48.2 28.5 17.0 384. 1.224 
50.2 28.3 20.8 570. 2.306 
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Table 9 
Tabulated data for velocity ratio tests on 0.0505-inch 
diameter lead particles 
Temp. Cone. Mix. vel. vm 
2 Vs 
oc % fps Dg vm 
16.8 16.S 5.81 44.5 1.062 
16.5 16.7 6.15 50.1 1.234 
18.2 20.9 3.84 19.5 0.9452 
15.0 19.8 6.52 49.4 0.8625 
1L.8 22.5 8.no 47.1 1.019 
14.0 20.4 9.73 no. 0.9161 
13.3 18.6 13.3 204. 1.185 
13.1 19.3 15.8 288. 1.265 
18.2 27.2 3.02 10.6 o. 5018 
15.2 23.6 6.19 44.4 0.8281 
13.8 23.2 11.2 147. 0.8160 
13.3 26.5 15.7 286. 1. 289 
20.0 28.8 2.19 5.54 o. 2790 
18.3 28.8 3.00 10.4 0.5167 
l 't .8 29.4 4.66 28.8 1.108 
15.5 31.3 5.71 37.8 0.7755 
lh.8 31.0 7.45 64.2 0.8305 
1}~. 2 27.8 9.42 103. 0.9862 
14.0 32.3 10.7 132. o. 8969 
13.8 29.4 12. R 190. 1.109 
13.0 30.1 15 • .3 270. 1. 740 
19.3 40.9 3.50 14.8 0.5693 
15.5 !+1.4 5.24 31.9 0.6951 
14.8 41.7 7.27 61.1 0.9136 
14.2 39.4 8.89 91.5 0.9669 
14.0 38.0 10.4 124. 1.080 
13.5 38.0 12.5 182. 0.9925 
13.2 40.3 15.1 266. 1.453 
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Table 9 (Continued) 
Temp. Cone. Mix. vel. v. 2 m vs 
oc % fps Dg Vm 
35.8 12.4 14.6 248. 1.687 
35.3 9.1 17.6 360. 1.525 
35.2 17.3 14.4 240. 0.8368 
36.8 19.5 1.99 4.59 0.4982 
35.2 22.2 5.11 30.2 0.7682 
36.2 17.6 7.17 59.5 0.8881 
35.7 18.? 8.71 88.0 1.056 
36.0 18.8 10.6 129. 0.9531 
35.8 19.7 12.0 166. 0.8104 
35.7 18.9 14.3 237. 1.077 
35.7 20.0 17.2 342. 1.832 
36.7 23.5 6.95 56.0 0.8782 
39.5 31.2 2.52 7.36 0.3142 
37.5 28.6 ].07 10.9 0.4833 
37.5 27.6 4.66 25.2 0.7264 
34.2 30.9 6.42 47.8 0.8586 
34.1 31.5 7.95 73.3 0.9141 
35.7 32.0 9.93 114. 0.9793 
34.8 32.0 11.1) 150. 0.8430 
33.7 31.4 13.3 206. 0.9270 
35.5 28.2 16.4 312. 0.8855 
34.5 35.5 1 13.6 215. 1.184 
34.5 38.1 2.47 7.08 0.36o6 
36.2 41.6 5.35 33.2 o. 7667 
34.3 41.9 7-73 69.2 0.8606 
35.5 41.1 9.52 105. 0.9208 
35.3 39.4 11.2 144. 1.128 
35.2 39.5 13.5 211. 1.108 
35.0 37.6 16.3 308. 1.400 
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Table 9 (Continued) 
Temp. Cone. Mix. vel. v 2 vs m 
Dg -oc % fps Vm 
35.0 45.4 3.08 11.0 0.5529 
36.2 46.3 7.08 58.2 0.9446 
34.8 44.0 9.61 107. o. 9656 
49.3 18.6 3.73 16.9 o. 5396 
50.5 20.9 5.90 42.2 0.8162 
50.0 19.7 7.89 75.3 0.9694 
49.6 19.9 9.68 114. 0.8866 
48.3 19.0 11.7 166. 0.9892 
49.8 20.3 13.4 218. 1.104 
49.7 20.3 16.1 315. 1.420 
48.2 20.2 19.0 440. 1.849 
50.3 23.7 5. 77 40.4 0.7273 
49.5 27.3 8.44 82.4 o. 9208 
48.3 30.7 3.40 13.4 0.5495 
49 .. 2 30.0 4.92 27.7 0.7198 
48.9 31.6 6.47 48.5 0.8983 
49.8 30.3 8.37 81.1 0.91)92 
49.0 31.4 10.3 122. 0.9298 
49.5 29.7 12.0 167. 0.9322 
49.3 32.4 15.4 287. 0.9181 
47.3 29.0 18.5 416. 1.193 
48.5 33.2 4.51 23.5 o. 7142 
49.3 33.9 9.97 115. 1.071 
48.3 41.2 3.42 13.6 0.5389 
49.0 41.1 5.65 36.9 0.7856 
48.3 39.1 7.76 69.7 0.8619 
48.5 41.8 9.69 109. 0.9051 
51 .. 0 41.4 11.3 147. o. 9390 
47.8 41.5 13.$ 212. 1.033 
49.2 38.6 16.4 310. 1.052 
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Table 9 (Continued) 
Cone. Mix. vel. v 2 v Temp. m s 
oc % fps Dg v m 
45.5 38.2 16.6 318. 1.698 
48.0 46.4 9.32 101. 0.9393 
48.5 43.0 9.41 103. 1.051 
48.5 43.6 9.51 105. o. 9291 
47.8 h2.6 9.53 105. o. 9100 
2. Solid distribution tests 
Temp. 
oc 
15.8 
1.5.3 
l .S. 7 
15.7 
15.3 
15.3 
15.1 
15.0 
14.0 
lh.o 
13. ') 
15.0 
15.0 
15.2 
15.1 
15.1 
15.0 
15.1 
Table 10 
Tabulated data for solid distribution tests on 0.0114-inch 
diameter glass particles 
Mix. vel. Cone. h Percentage of 
fps % n solid above 
h 
7.54 11.0 0.117 0.851 
7.53 10.5 0.210 o. 792 
7. 72 9.6 0.302 o.616 
7.49 10.7 0.395 0.489 
7.45 10.4 0.488 0.360 
? .40 10.2 0.580 0.226 
7.64 9.0 0.642 0.174 
7.34 10.1 0. 735 0.066 
7.35 11.1 0.858 0.056 
7.56 18.7 0.117 0.930 
7.46 18.1 0.210 0.849 
7.52 18.0 0.302 0.684 
7.48 18.5 0.395 0.518 
7.54 18.1 0.488 0.366 
7.49 19.4 o. 580 0.254 
7.48 19.9 0. 673 0.137 
7.58 18.1 0.765 0.052 
7.54 19.0 0. 858 0.039 
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Table 10 (Continued) 
Tem~. Mix. vel. Cone. h Percentage of 
oc fps % n solid above 
h 
14.3 7.44 30.0 0.117 o. 928 
14.2 7.42 30.1 0.210 0.836 
14.5 7.)5 29.7 0.302 0.687 
14.6 7.44 29.2 0.395 0.531 
14.8 7.51 29.4 0.488 0.366 
15.1 7.52 30.4 0.580 0.229 
14.7 7.51 30.1 0.673 0.122 
15.1 7.51 30.3 0.765 0.051 
14.7 7.58 29.8 0.858 0.017 
14.0 14.7 11.5 0.117 0.915 
12.7 14.8 10.5 0.210 0.896 
14.0 14.8 10.9 0.302 0.744 
14.2 15.0 10.7 0.395 0.659 
13.2 14.9 10.5 0.488 0.505 
13.1 14.7 11.0 o. 580 0.347 
13.1 14.8 10.6 0.673 0.217 
13.0 14.9 9.7 0.765 0.157 
13.0 14.8 11.1 0.858 0.035 
13.9 14.8 19.9 0.117 o. 932 
13.5 14.9 18.8 0.210 0.909 
13.3 15.3 18.9 0.302 o. 770 
13.3 14.8 18.8 0.395 0.631 
13.3 14.9 18.5 0.488 0.484 
13.3 14.9 18.2 0.580 0.330 
13.2 15.0 18.9 0.673 0.220 
13.2 14.9 19.5 0.765 0.142 
13.1 14.9 18.0 0.858 0.022 
13.4 14.9 30.9 0.117 0.948 
13.1 15.0 30.4 0.210 0.879 
13.1 15.1 30.1 0.302 0.746 
13.2 15.0 30.5 0.395 0.623 
13.2 14.9 30.9 o.488 0.461 
13.8 15.2 29.5 0.580 0.331 
13.2 15.3 29.3 o.673 0.220 
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'. 
Temp. Mix. vel. 0 . 
c fps 
14.1 15.1 
13.4 15.1 
13.6 21.0 
13.0 21.1 
13.5 21.0 
13.7 31.2 
13.3 21.2 
13.2 21.1 
14.0 21.3 
13.2 21.1 
13.2 21.1 
13.7 21.1 
13.5 21.2 
13.4 21.1 
13.3 21 •. 1 
13.5 21.0 
13.8 21.0 
13.6 21.2 
13.4 21.2 
13.3 21.1 
~- . 
~,.u·.~~! 
,.. . ISC-586 
Table 10 (Continued) 
Cone. h 
% i5 
31.0 0.765 
30.0 0.858 
15.2 0.117 
15.2 0.210 
15.6 0.302 
15.2 0.395 
15.1 0.488 
15.2 0.580 
15.9 0.673 
15.1 0.765 
15.9 0.858 
25.8 0.117 
25.1 0.210 
26.0 0.302 
26.0 0.395 
25.5 0.488 
26.0 0 .. 580 
25.3 0.673 
25.9 0.765 
25.4 o.858 
Percentage of 
solid above 
h 
o.no 
0.032 
0.885 
0.881 
0."742 
0.666 
0.513 
0.392 
0.262 
0.156 
o.o6o 
0.924 
0.900 
0.766 
0.642 
o.5o3 
0.404 
0.251 
0.144 
0.070 
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